In studying the axi-symmetric flow induced by source-sink distributions in a rotating cylindrical basin in the absence of radial barriers, a highly organized pattern of instability has been observed in the laminar Ekman layer along the bottom of the basin. The instability manifests itself in the form of almost perfectly concentric cylindrical sheets or curtains of water which rise as sharply defined vertical jets from the Ekman layer and penetrate the entire depth of fluid. A less sharply defined downward motion between the curtains completes the circulation celis thus developed. At some maximum critical radius, the curtains usually disappear, and the flow at larger radii is a stable, laminar Ekman flow. Quantitative observations of ring spacing and critical radius are reported for experiments in which angular velocity, flow rate, viscosity and total depth of water were varied over experimentally available ranges.
Introduction
It has been shown in an earlier pa er in this that it is possible to drive systematic circulations in a rotating basin by means of suitably distributed sources and sinks of fluid. Ths technique offers the possibility of studying flows in a homogenous system, without the complexities introduced by density gradients and convection phenomena in the presence of temperature fields.
In studying the axi-symmetric flows induced by source-sink distributions in an "open" cylindrical basin (i. e. in the absence of radial barriers), we have observed a highly organized pattern of instablity in the laminar Ekman flow which forms a boundary layer in contact with the bottom of the basin. It is within this Ekjournal (Stommel, Arons, and Fa1 P er, 1959) Contribution No. 1135 of the Woods Hole Oceanographic Institution. man layer that fluid is transported radially, either inward or outward, across isobars of the essentially geostrophic bulk flow in the interior of the basin. The instability manifests itself in the form of almost perfectly concentric cylindrical sheets or curtains of fluid which rise as sharply defined vertical jets from the Ekman layer and penetrate the entire depth of fluid (Figures I, 2 ) forming circulation cells with less sharply defined downward motions in the regions between the upward rising curtains. The radial spacing between the rising curtains is hghly regular and is a function of angular velocity, viscosity, and total depth of fluid in the tank, i.e. it is indicated to be a function of the Taylor or of the Ekman number. At some maximum critical radius the curtains usually disappear, and the flow at larger radii is a stable, laminar Ekman flow; t h s points to the existence of a critical Reynolds number for the development and maintenance of the instability.
STERN (1960)
has examined, theoretically, the stability of Ekman flows in a somewhat simpler geometry. His analysis predicts, at least qualitatively, the principal features of the instability we describe in t h s paper.
Method of observation
The ex erimental system consists of a cyabout 3 0 cm deep, mounted on a carefully levelled rotating platform, driven by a s nous motor through a Graham variab e speed transmission. During experiments, a transparent cover was placed over the tank to prevent the development of "wind driven" circulations. The "source" consisted of a measured flow of water supplied to a funnel mounted at the center of the tank. To reduce turbulence in the source region, this water entered a vertical cylinder with a diameter of twelve centimeters, mounted at the center of the basin in such a way that the source water could run radially outward around the bottom of the cylinder.
The flow within the system was made visible by using potassium permanganate or fluorescein dye in the source water. Photographs could be taken from above or through the side of the tank. Experiments were performed at angular velocities of I to 2 radians/sec., source strength of I to 5 cm3/sec., kinematic viscosities in the range of 0.007 to 0.012 cm2/sec., and water depths of about 2 to 12 cm. The laminar Ekman layer under these circumstances has a depth of the order of I mm.
In all cases, quantitative observations were made only after the system had had a period of the order of one hour in which to arrive at a steady state.
Equations of the basic flow
Using cylindrical coordmates r, 4, z and taking q5 positive in the same sense as w, the angular velocity of the tank, we have:
For the depth of water when the tank is rotating in static equhbrium:
where ho is the depth at r = 0 ; Do is the depth of water when the tank is not rotating, and a is the radius of the tank.
For the equations of motion: The vertical boundary conditions are
along z = 0, the bottom of the tank, and along z = h, the free surface.
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The quantity -is carried as a parameter and is ultimately determined by the source and sink conditions at r = o and r = a and the requirements of continuity.
It is convenient to introduce the notation dr
The solutions of equations (2), (3), (4, ( 5 ) are then found by standard methods:
In these experiments p is of the order of 10 to SO, and equations (6) and ( simpler forms with the familiar laminar Ekman spiral in the neighborhood of the bottom of the tank:
The vertically integrated radial and zonal volume transports V, and V+ become, respectively :
For particular cases, 9 is determined by condr tinuity and source-sink conditions :
(a) Source of So cm3/sec. at r = 0, and sink of equal intensity uniformly distributed around the periphery at r = a. Free surface neither rises nor falls, i.e. vertical velocity T o = 0.
Continuity requires :
2nrV,= So Here v+ represents a "solid rotation" above the Ekman layer. v+ is cyclonic and the Ekman transport, V,, is radially inward for positive So.
(d) If there is a point source So at r = o and V, = o at r = n, we have:
Here v+ above the Ekman layer is determined by the superposition of a I / r vortex and a solid rotation in the opposite sense in such a way as to give v+ = o at r = a. One experiment has been performed with a peripherally distributed source (case (c)) to verify the prediction of eq. (19) that the zonal flow will be a solid rotation. A solid rotation was observed under these circum3tances.
All the observations of instabilitv of the Ek-I a(rV,)
. man flow were made with a central source (b) by direct observation of the rate of radial spread of the colored Ekman layer when dye was introduced into the source.
A comparison of observed and predicted zonal surface velocities is shown in Figure 3 . Each set of points, denoted by a particular symbol, represents the results at different radii for a particular run at some value of o, Y, and So. Instability of the Ekman layer was present in each run. Under the existing circumstances, however, the scatter of the data is within the range of experimental uncertainty. W e are led to say that in these experiments the zonal surface velocities agree, within experimental error, with the predicted basic field values, and it is not possible to assert a significant effect of the Ekman instability on the basic flow.
A similar result is obtained for observations of the radial spread of the Ekman layer. Assu- where t = o when r = 0, and t is the time taken for a particle to reach radial position B. 
T I M E t (MINUTES)
FiS. 4. Table I . STERN'S (1960) assyniptotic analysis in Cartcsian coordinates predicts an instability of esscntially the type obscrved in these cxperinicnts-a flow drawing its energy from the Ekiiian layer and pcnctrating the entire dcpth of fluid. He further prcdicts that the wave lcngth of the resulting cells will be a function of the Taylor number, E (see Table I ) : 0 Points from Tablc I for cascs in which r, was rcasonably wcll defined. RE(19) with R E C will indicate the extent to w h c h the Reynolds number at the critical radius is excecded in the interior of the region of instability; this might be an index to the importance of finite amplitude effects in t h s region.
In general, downward circulation between the rising curtains was considerably less sharp and intense than that of the rising phase. A top view, showing evidence of the downward motions, is shown in Figure 6 . The fainter rings, whcn observed from the side of the tank, wcre seen to be moving downward, and do not represciit a rising mode of smaller wavclcngth. Both upward and downward motion. werc also observcd when dye was injected vcry slowly from capillary probes inserted at various points in the body of the flow.
Thc upward velocities of the curtains are roughly 0.7 cniiniin., i.e. an ordcr of magnitudc of about I % of the basic zonal velocity.
On some occasions a fairly regular, small scale, zonal wave or vortex structure was formed on the rising curtains. An illustration of this effect is shown in Figure 7 . Ths phenomenon did not sceni to correlate with systematically outlying values of eithcr of the calculated Reynolds numbers ; in a substantial nunibcr of cam the wavcs did not form in experiments conducted at Reynolds nunibers higher than thosc in which waves wcre observed. The wavcs appeared to occur somewhat more frcqucntly liowcvcr in expcrinxnts at Fig. 7 . Illustration of small scale zonal disturbances which were occasionally obscrved. Although these waves could not be unequivocally correlated with relatively high Reynolds numbers, they seemed to occur somewhat more frequently at high source rates and low viscosities.
higher source strengths or at lower viscosities. No rings or curtains were observed to form in several experiments performed at temperatures below 13OC., i.e. at kinematic viscosities greater than about 0.012 cm2/sec.; in these cases the Ekman flow was laminar and stable.
Since the ranges of variation of w and h are limited by the design of the existing equipment, it has not been possible to vary these parameters over a wide enough range to test the expectation that the cut-off of the ring phenomenon depends on a dimensionless parameter and is not determined solely by the higher viscosity of the water at the lower temperatures Every effort, however, has been made to perform the experiments under conditions of temperature homogenity throughout the tank and at temperature equilibrium between the tank and the room. The tank was carefully covered to minimize both wind and evaporation effects. The experiments were performed in the winter time, and when low temperature
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runs were underway, the room itself was cooled to the temperature of the run by turning off the heat. If any error in maintainance of inhomogeneity existed, it was more probably in the direction of allowing the existence of vertical stability in the body of water in the tank.
In a few instances, rings did not form under conditions in which they normally occurred. Disturbances such as jarring the tank and briefly interrupting the source flow then led to the formation of rings-sometimes in competing sets at different radii, the competing sets then shfted and wandered somewhat until they interlocked into a normal pattern. 
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